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Theory, numerical simulations, and experimental measurements of the valley current of
a GaAs/AlAs resonant tunneling diode are compared. The effect on the valley current of
different interface-roughness correlation models, island sizes, and asymmetric roughness
is described. Initially, the valley current increases quadratically with island size. Between
6 and 10 nm there is a crossover and the contribution to the valley current begins to de-
crease. Asymmetric roughness on normal and inverted interfaces (smooth normal and rough
inverted) results in order of magnitude different contributions to the valley current under
forward and reverse bias. This asymmetry in the valley current occurs even when the polar
optical phonon scattering is taken into account. The polar optical phonon scattering domi-
nates the valley current.
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The peak to valley current ratio and correspondent utility of resonant tunneling diodes is ultimately deter-
mined by scattering which has been studied using a number of different models and approaches [1–5]. We
present a study of interface roughness asymmetry, the effect of different island sizes, and polar optical phonon
scattering on the valley current of a GaAs/AlAs resonant tunneling diode (RTD) at T= 4.2 K. We present
the first calculations comparing the Gaussian and exponential roughness correlation models. The calculations
are compared with the experimental data. A similar study of an InP lattice matched InGaAs/AlAs/InAs RTD
was recently reported by Roblin, Potter, and Fathimulla [6]. There is a notable difference in our conclusion.
The experimental data and our simulations show that the valley current for the GaAs/AlAs RTD is dominated
by polar optical phonon scattering whereas Roblinet al. find the valley current to be dominated by interface
roughness scattering.

We model interface roughness as a single monolayer of alloy in which the cation species of a given type
cluster into islands. The first order term gives the virtual crystal Hamiltonian. The clustering results in a
momentum dependence of the autocorrelation function. The model smoothly approaches the usual alloy
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Fig. 1. Illustration of interface roughness in the single band model. The average potential results in a virtual crystal term in the
Hamiltonian at the interface layer. Under forward bias, the injected electrons are incident on the rough interfaces.

model as the clustering becomes a homogeneous mixture of the two cation species. This does not appear to be
the case with most models found in the literature, e.g. [2], except for the work of Tinget al. [5]. We consider
only the diagonal disorder and ignore the off-diagonal disorder [7]. At any given interface, the roughness
disorder is correlated, but we assume no correlation between different interfaces. This assumption was also
used in Refs [2, 3, 5, 6]. For a single band calculation, our model reduces to that illustrated in Fig. 1. Figure 1
also illustrates the asymmetric roughness of the interfaces used in the calculations to model smooth normal
interfaces and rough inverted interfaces [8]. The standard bulk Fr¨ohlich Hamiltonian is used to model the
polar optical phonons [9].

The current is obtained using non-equilibrium perturbation theory [10] which we have customized to meet
the extreme demands of modeling high-bias, quantum electron transport with incoherent scattering through
realistically long semiconductor devices [11]. The effect of the scattering is included through self-energy
terms in an algorithm that appears to be quite similar to the multiple sequential scattering algorithm described
by Roblin and Liou [3]. For both elastic scattering and inelastic scattering in the single electron approximation
in which the Pauli exclusion is ignored, the self-consistent Born approximation results in an infinite continued
fraction expansion for GR and a power series expansion for G<. Our algorithm allows one to truncate these
expansions at any order and still conserve current [11–13]. In our calculations, the interface roughness is
included to eighth order and the polar optical phonons to first order. In the language of Ref. [3], the interface



Superlattices and Microstructures, Vol. 20, No. 3, 1996 281

roughness is treated with eight sequential scattering events and the polar optical phonon scattering is treated
with one sequential scattering event. For elastic scattering, Pauli exclusion plays no role in any type of Born
approximation. For the inelastic scattering resulting from polar optical phonons, we use a single electron
approximation so that the Pauli exclusion is ignored (current is still conserved) [14]. This should be a good
approximation in the valley current since there is very little charge in the well. This approximation is also
used in Refs [2, 3, 6].

The self energy resulting from interface roughness at layerj in a single band tight-binding model is

6R
j, j (k) = x(1− x)δV2 1

A

∑
qqq

|Ukkk−qqq|2GR
j, j (q) (1)

wherekkk andqqq are momentum vectors in the plane of the interface,x is the fractional area covered by one of the
cation species,A is the cross sectional area, andδV is the potential difference between the two bulk materials
(in this case GaAs and AlAs). The spectral density,|Ukkk|2, is the Fourier transform of the autocorrelation
function of the random cluster distribution. For a Kronecker delta autocorrelation,|Ukkk|2 = a2/2 wherea is
the length of the conventional zincblende cubic cell, and we retrieve the expression for a single layer of alloy
scattering. Traditionally, a Gaussian autocorrelation has been assumed [2, 3, 15] resulting in a momentum
coupling of

|Ukkk|2 = π32e−3
2k2/4. (2)

Recent STM work [16] indicates that an exponential autocorrelation may be more appropriate, resulting in a
momentum coupling of

|Ukkk|2 = 2π32

[1+ (k3)2]3/2
(3)

where in Eqns (2) and (3)3 is the correlation length.
The test structure that we simulate and experimentally measure is a GaAs/AlAs RTD with 19.2 nm in-

trinsic GaAs spacer layers, 3.4 nm AlAs barriers, and a 5.66 nm GaAs well. The n+ GaAs contacts are Si
doped 1018 cm−3. All simulations and measurements are made at T= 4.2 K. In the simulations, we inject
from and numerically integrate over all incident transverse momenta. This is in contrast to the work of Ref. [6]
where numerical calculations were performed only for zero incident transverse momentum and the integra-
tion over incident transverse momenta was approximated analytically. Since the self energies are strongly
dependent on the transverse momentum, this seems to be a questionable approximation especially for large3.
In all of the simulations, we calculate the electrostatic potential from a self-consistent Schr¨odinger–Poisson
calculation including a local density approximation for the exchange-correlation terms [17]. This calculation
is performed with the incoherent scattering turned off. Once the potential is obtained, it is used for the cal-
culation which includes the incoherent scattering. This is the same approach used in Refs [2, 3, 6]. Such an
approach is reasonable for calculations of the valley current, since even with scattering assisted charging,
there is relatively little charge in the well when the device is biased in the valley current region. However,
it does not appear to be reasonable for current calculations near the peak current. The effect on the spectral
function,−2Im{GR}, in the middle of the well of the interface roughness scattering with3 = 40 nm is
shown in Fig. (2). The bare resonance is Lorentzian with a full width at half maximum of 1µeV. The dressed
resonance has a split peak with a total width of 15 meV. Preliminary calculations indicate that the position,
shape, and magnitude of the peak current is significantly altered if a full Hartree self-consistent calculation
is performed which includes the effect of the scattering. For that reason, we will focus solely on the valley
current.

Figure 3 shows a calculation of the valley current resulting from interface roughness using the exponential
correlation model for five correlation lengths: 1, 5, 10, 40, and 100 nm. Initially, the valley current increases
as32 corresponding to the numerator of Eqn (3). A cross over occurs for3 between 5 and 10 nm and the
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Fig. 2. Bare and dressed spectral functions in the centre of the well. The magnitude of each is normalized to a maximum of 1.0. The
dressing results from exponential correlated interface roughness with3 = 40 nm. (——), bare; (– – –), dressed.
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Fig. 3. Calculation of the valley current resulting from interface roughness scattering using the exponential correlation model for five
correlation lengths: (——) 1; (–̈—–), 5; (–×—–) 10; (– – –), 40; and (· · · · · ·) 100 nm.

valley current begins to decrease withλ. This was also observed in Ref. [6]. As3 increases, the term in
the denominator of Eqn (3) eliminates large momentum transfer scattering causing the negative slope of the
valley current.

The exponential and Gaussian correlation models are compared in Fig. 4 for three different correlation
lengths: 1, 5, and 40 nm. For3 = 1 nm, the current from the exponential model is approximately twice the
current from the Gaussian model since for small3, |Ukkk|2 ≈ π32 for the Gaussian model and|Ukkk|2 ≈ 2π32

for the exponential model. For an intermediate3 of 5 nm, the Gaussian model results in slightly more current
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Fig. 4. Comparison of exponential and Gaussian correlation models for three correlation lengths: 1, 5, and 40 nm. (——), 1 nm exp;
(–M—–), 1 nm Gauss; (- - - - - -), 5 nm exp; (–×—–), 5 nm Gauss; (– – –), 40 nm exp, (–H—–), 40 nm Gauss.
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Fig. 5. Effect of roughness asymmetry using the exponential correlation model for three correlation lengths: 1, 10, and 40 nm. The
asymmetry of the roughness is illustrated in Fig. 1. Forward and reverse bias I–Vs are plotted on the same quadrant. (——), 1 nm exp;
(—◦—), 1 nm exp reverse; (– – –), 10 nm exp; (–×—–), 10 nm exp reverse; (- - - - - -), 40 nm exp; (—•—), 40 nm exp reverse.

than the exponential model. This is because|Ukkk|2 resulting from exponential correlation initially falls off
faster than the Gaussian|Ukkk|2. However, the|Ukkk|2 resulting from exponential correlation has long tails so
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Fig. 6. Incident and resonant wavefunctions. The overlap at the first and third interfaces is larger than the overlap at the second and
fourth interfaces. (– – –), barriers; (——), incidentψ ; (- - - - - -), resonantψ .

that for large3 of 40 nm the exponential model results in more current than the Gaussian model. The current
from the Gaussian model with3 = 40 nm falls off nearly linearly on the semi-log plot which is exactly what
one would expect from the Gaussian momentum coupling of Eqn (2).

The effect of roughness asymmetry is shown in Fig. 5 using the exponential correlation model for three
different correlation lengths: 1, 10 and 40 nm. The direction of the incident electrons in forward and reverse
bias with respect to the rough interfaces is shown in Fig. 1. For all correlation lengths, the valley current is
significantly reduced in reverse bias when the injected electrons are incident on the smooth interfaces. The
effect of asymmetric roughness on the current is easily understood by viewing the overlap of the incident and
resonant wavefunctions in Fig. 6. The overlap at the first and third interfaces is much larger than the overlap
at the second and fourth interfaces.

Finally, we turn to polar optical phonon scattering with3 = 6 nm exponential interface roughness and
compare with the experimental I–V in both forward and reverse bias in Fig. 7. Note from the discussion of
Fig. 3 that3 = 6 nm gives a maximum current contribution for interface roughness. The asymmetry seen in
the experimental I–V is contrary to that expected from asymmetric interface roughness. We believe that it is
the result of asymmetry of the dopant distributions in the two nominally intrinsic spacer layers. The current is
calculated in forward and reverse bias with interface roughness alone and with interface roughness plus polar
optical phonon scattering. The currents from the two different scattering mechanisms are essentially additive.
Thus, the short dashed line in Fig. 7 is essentially the result of the polar optical phonon contribution which is
significantly larger than the interface roughness contribution and appears to account for the majority of the
valley current.

In summary, we have studied three aspects of interface roughness, different correlation lengths, the Gaussian
and exponential correlation models, and roughness asymmetry, and shown how they affect the valley current
of an RTD. A comparison of the calculated I–V with experimental data indicates that the valley current is
dominated by polar optical phonon scattering.
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Fig. 7. Forward and reverse bias I–Vs (plotted on the same quadrant) from experimental data, calculations with 6 nm exponential
asymmetric roughness, and calculations with the same 6 nm roughness plus polar optical phonon scattering. (——), Expt. reverse;
(—◦—) expt forward; (– – –), IR reverse; (—•—), IR forward; (- - - - - -), POPs reverse; (–̈—–), POPs forward.
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